To improve electrical properties a high temperature annealing treatment was applied to several transparent conductive oxides (TCO), namely tin doped indium oxide (ITO), Ga-or Al-doped ZnO (ZnO:Al/Ga), ion beam assisted deposited (IBAD) ZnO:Ga and Ga doped zinc magnesium oxide (ZnMgO:Ga). All these films were grown by magnetron sputtering. During the annealing process all TCO films were capped with 50 nm of amorphous silicon in order to protect the films from environmental impact. Increase in mobility up to 72 cm 2 /Vs and low resistivity of 1.6 x 10 -4 Ωcm was achieved for ZnO:Al after annealing at 650°C for 24 h. Independent of the deposition conditions and doping or alloying material almost all ZnO based films show a consistent improvement in mobility. Also for ITO films a decrease in resistivity with partially improved mobility was found after annealing. However, not all ITO films show consistent improvement, but carrier density above 10 21 cm -3 while ZnO films show no clear trend for carrier density but a remarkable increase in mobility. Thus we propose the healing of defects and the activation of donors to be most significant effects for ZnO and ITO films, respectively.
Introduction
Highly transparent conductive oxides (TCO) are promising materials especially as window layers for thin film photovoltaic devices. Due to its wide band gap of 3.3 eV and a resistivity as low as 2 x 10 -4 Ωcm after doping, ZnO:Al is the most favored window material for thin film silicon solar cells [1, 2] . Magnetron sputtered ZnO:Al layers attracted great attention as transparent electrode for thinfilm silicon solar cells due to its low cost, high abundance and nontoxicity.
Excellent conductivity and transparency properties are reported for tin doped indium oxide [3, 4] . In addition, ITO has a higher band gap of 3.7 eV and is therefore transparent to a wider spectrum of the solar radiation compared to ZnO. Since indium, the principal material in ITO is scarce and expensive, alternatives have to be found.
Recently, Wei et al. [5] reported increase in band gap up to 4 eV by alloying of ZnO with Mg. This makes Zn 1-x Mg x O a possible candidate as a window layer for thin film solar cells since the transparency in the short wavelength range of the solar radiation can be enhanced. However, for high Mg concentrations a phase separation from hexagonal to the cubic structure occurs. Nevertheless, a variation of the band gap between 3.3 eV and 4 eV without phase separation was realized by pulsed laser deposition of Zn 1-x Mg x O thin films [5] . Doped Zn 1-x [6] . d deposition eads to impr eratures [11] . nnealing of Z electrical pro stigation of th alternative do es are the im BAD-ZnO:G nt sputtering Al films [7, 8] . detrimental influence of the environment [13] . For the annealing process the films were put in a furnace which was afterwards evacuated to a base pressure of 3 x 10 -6 mbar. The heating temperature was set to 650 °C for 24 hours. The heating rate was 21 K/min for the first annealing studies but was later reduced to 2.6 K/min. After heat treatment the films were left for 8 hours in the furnace, i.e. the cooling rate was 1.3 K/min.
For the growth of ion beam assisted (IBAD) ZnO:Ga thin films the ZnO:Ga (2 wt. %) target and an auxiliary ion source were put into operation [10, 11] . The ion source in our sputter chamber is an inverse sputter etching tool ISE 90 (VAAT, Dresden). Due to the coeval operation of a ZnO target and an ion source a simultaneous growth and bombardment of the film surface is achieved to provide additional momentum transfer to the growing film. This should replace or support external substrate heating. ZnO:Ga thin films with varying ion source power between 40 and 150 W were grown by IBAD. During the deposition the pressure was set to 3.3 x 10 -3 mbar for all IBAD films. ITO thin films were grown in a static deposition system by Kurt J. Lesker Company where the ceramic ITO target was arranged directly below the substrate. A random distribution of ITO films with different growth conditions such as different substrate temperatures, target powers, O 2 flow ratios, film thicknesses as well as deposition pressures were selected to study the annealing effect on these films.
Hall measurements before and after annealing were collected using the van der Pauw method in a Keithley 926 Hall setup.
In order not to distort subsequent Hall measurements capping layers of most of the films were removed in an NF 3 plasma dry etching process. Some films were measured with a capping on top, but no effect on the electrical properties was observed.
Transmission spectra of several Ga doped IBAD-ZnO and Zn 1-x Mg x O films before and after annealing were collected with a dual beam spectrometer (Perkin Elmer, Lambda 19) with a wavelength range between 250 nm to 2000 nm. To measure the transmittance, capping layers of these films were finally removed by the NF 3 plasma dry etching process.
Determination of the band gap energies E g of Zn 1-x Mg x O:Ga films was done by plotting (αhν) 2 vs. hν according to the relationship α 2 ~ (hν -E g ), where hν is the photon energy and α the absorption coefficient, respectively [12] .
X-ray diffraction measurements were taken in a Θ-2Θ geometry utilizing a Phillips X'Pert Pro diffractometer with CuK α radiation (λ = 0.154 nm).
Results and discussion

Transfer of cap preparation and annealing treatment
High mobility annealing studies have already been done by Ruske et al. [13] at the Helmholtz Zentrum Berlin. These results are briefly summarized by the red points in Figure 2 which shows (a) the mobility, (b) carrier concentration and (c) resistivity of Al doped ZnO thin films after 24 h of annealing at temperatures between 500 and 650 °C. Black points in Figure 2 are measured data obtained after annealing similar films utilizing a heater setup and cap deposition in Jülich. Examining the experimental results obtained by Ruske et al. in Figure 2 (a), it is seen that annealing leads to a significant increase in mobility from 42 cm 2 /Vs for the as deposited sample up to 67 cm 2 /Vs for the sample which was annealed at the highest temperature of 650 °C. Comparing this result with first annealing measurements in Jülich the same annealing effect is observed with the mobility increasing from 49 cm 2 /Vs to 72 cm 2 /Vs after annealing at 650 °C. The higher mobility observed after annealing in Jülich compared to the measurements by Ruske et al. are likely related to slight differences in the measurement setup.
Carrier concentration (Figure 2 (b)) increases with annealing from 5 x 10 20 cm -3 to about 6 x 10 20 cm -3 upon annealing. The new series, however, shows a decrease down to about the initial value for annealing at temperatures above 500°C. This might indicate some limitation of the barrier properties of the cap, but changes in carrier density are quite small compared to the mobility values and variations observed upon annealing without cap [9] . -4 Ωcm which is still below the initial value. All in all, this annealing procedure under a protection layer leads to a raise in mobility for our high quality ZnO:Al films and the procedure is easy to transfer to other labs. Deviations in the measurements of carrier concentration and resistivity can be possibly attributed to a non-optimized heating process in our institute, such as a too short heating ramp. In this case the films and the capping layer are exposed to a very high temperature after a short period of time, in our case it is 30 min. During this short period of time an out diffusion of the H atoms is not likely, instead an accumulation at voids and dislocations can lead to a local peeling off of the capping layer. Finally, due to this effect the TCO film is not protected from the environment anymore and degradation of the electrical properties can be explained by this effect.
In this regard, the heating rate was reduced for the following annealing experiments down to 2.6 K/min as mentioned in section 2. The heating time was still kept at 24 hours.
Effect of ZnO:Al film thickness on high mobility annealing
The dependence of high mobility annealing on a film thickness series and hence on the grain size of ZnO:Al thin films is investigated in this section. Figure 3 shows (a) the resistivity, (b) the mobility and (c) the carrier concentration as a function of film thickness before (black full squares) and after (red open squares) annealing. As the film thickness The red measurement points are taken from Ruske et al. [13] and the black squares show the transfer to Jülich. Numbers inside the measurement points will be reused in Figure 4 .
increases, the mobility in Figure 3 (a) shows a drastically increase from 13 cm 2 /Vs to 43 cm 2 /Vs at a film thickness of about 400 nm. Increasing the film thickness further yields only to a relatively small increase in mobility up to 50 cm 2 /Vs. Therefore, saturation in mobility for film thicknesses higher than 400 nm is observed which is denoted by an asymptotic line in the graph.
The same dependence is seen for the carrier concentration (Figure 3(b) ). Increasing the film thickness leads to an increase in carrier concentration from 3 x 10 20 cm -3 to 5 x 10 20 cm -3 up to a film thickness of 400 nm. Further increasing the film thickness shows only comparatively small variation in carrier concentration from 4 x 10 20 cm -3 to 5 x 10 20 cm -3 at a film thickness of 1575 nm. Similar trends have been observed by others [14] .
Since mobility and carrier concentration increase, a decrease in resistivity with increasing film thickness is seen in Figure 3 (c) . Similar to mobility saturation in resistivity at 400 nm with a value of about 2.5 x 10 -4 Ωcm is shown. After annealing the saturation level shifts to higher values for the mobility and to smaller values for the resistivity. Therefore, highest mobility of 72 cm 2 /Vs and lowest resistivity of 1.6 x 10 -4 Ωcm are obtained after annealing.
The carrier concentration, on the other hand, does not show any clear trend upon annealing: Some films show a decrease and some an increase. A change of less than 20 % is obtained due to annealing and no correlation to the film thickness is observed. This behavior is not clear and is still under investigation. 
Annealing effect in ZnO:Al
For a better understanding of the electrical properties of TCO films a collection of the mobility data for different polycrystalline ZnO:Al films, grown under various sputtering conditions is summarized in Figure 4 where the mobility is plotted against the carrier concentration before (full symbols) and after annealing (open symbols). Blue measurement points are taken from the first annealing studies of ZnO:Al as shown in Figure  2 . Therefore, only one blue full measurement point is shown as the reference sample and the three open squares belong to the annealed films. Black squares with numbers inside show the film thickness series of ZnO:Al taken from Figure 2 .
The red triangles in this graph indicate additional high mobility data which was measured before (red full triangles) and after annealing (red open triangles) [8] .
For small film thicknesses the films mainly consist of a nucleation zone where small grains with varying crystal orientations dominate the polycrystalline film [14] . Due to the survival-of-the-fastest growth model [15] grains with high growth rates, which are those who grow in the c-axis direction, overgrow others. This leads to improved texture and alignment of c-axis along substrate normal. After the nucleation zone, the grain size cannot be increased further and the mobility seems to be limited by the limited grain size. Thus we consider grain boundary scattering and scattering at structural defects as the major scattering mechanism. Additional data Figure 4 . Hall mobility data as a function of carrier concentration for Al doped ZnO thin films grown at various sputtering conditions. The measurement points are indicated with a number to allow the reader find the sample after annealing. The blue solid circle and the squares with numbers inside are taken from Figure 2 , black squares from Figure 3 and red triangles represent additional ZnO:Al films prepared under various conditions with different doping levels [8] .
Increasing the mobility far above the previous experimental limit upon annealing hints to reduction of defect density as major effect. A change in grain size can be excluded since no recrystallization during the annealing process is observed [16] .
Generally, high mobility annealing leads to increase in mobility and likewise slight increase in carrier concentration for ZnO:Al is seen.
One sample in Figure 4 of the additional ZnO:Al series show degradation upon annealing since the mobility value of 14 cm 2 /Vs of the annealed sample is quite below the data of the residual as-deposited ZnO:Al. Crack formation during annealing could be a possible explanation for this deterioration.
Annealing of ZnO based alloys
2.0x10 Ga thin films before and after annealing. The numbers inside the measurement points should allow the reader to recover the samples before and after annealing. These numbers also serve as identification numbers for each sample. More information about the deposition conditions of and the Mg contents in these films can be found in Table 1 .
To get further insight into the annealing effect we investigated the influence of the alternative dopant gallium for ZnO as well as Ga doped Zn 1-x Mg x O as an alloy prepared under various conditions. Figure 5 shows the Hall mobility and carrier concentration dependencies for ZnO and Zn 1-x Mg x O thin films before and after annealing. Black squares show the mobility of films grown at various sputtering conditions while the blue circles belong to a series of ion beam assisted deposition (IBAD) of ZnO:Ga [10] . Annealing dependencies of Zn 1-x Mg x O:Ga thin films are shown by red triangles.
For completeness, each measurement point of the three series is marked with a number to assign each sample before and after annealing to the specific deposition parameters. These numbers represent also sample identification numbers. The corresponding deposition conditions and material properties are given in Table 1 and figures 2 -4, respectively.
The first column in this table shows the sputtering conditions for the ZnO:Ga films. ZnO:Ga films were grown at various sputtering conditions and with different Ga contents and annealed in order to determine the influence Ga doping and sputtering conditions.
The full numbered data point represents the same sample after its subsequent annealing process. Similar to Figure 4 for the ZnO:Al thin films all the mobility values before annealing seem to be limited by grain boundary scattering at other structural defects [17] . The experimental results of high temperature deposited films lie in the range between 28 and 43 cm 2 /Vs, except sample number 5 which was grown at room temperature and shows the smallest mobility of 14 cm 2 /Vs. On the other hand, this film shows the highest increase in mobility from 49 cm 2 /Vs upon annealing, meaning an increase by a factor of 3.6 and well above the best as-deposited values. Additionally, the highest mobility after annealing showed sample number 2, starting with an initial value of 39 before and 59 cm 2 /Vs after annealing, respectively. In general, ZnO:Ga thin films show the same behavior as ZnO:Al after annealing. This is a hint that the annealing process leads to an increase in mobility independent of the doping material and is at least valid for several different growth conditions. For deposition parameter dependence, no clear trend was observed.
IBAD-process has proven to promote c-texture growth of ZnO, but induces severe stress [10, 11] . All IBAD-ZnO:Ga films were grown at room temperature except sample 3 which had a substrate temperature of T S = 250 °C during deposition. Samples 5 and 6 were grown at the same sputtering conditions, however they show different film thicknesses d after growth: While sample 5 reveals a film thickness of 1060 nm, sample 6 is 700 nm thick.
Generally, the IBAD-ZnO:Ga films show comparatively low mobility values of less than 20 cm 2 /Vs in the as-deposited sate. This might be caused by the defect formation at low temperature sputtering, but even at high temperature (sample 3, blue) the mobility is lower than the respective reference sample without ion beam assistance (sample 6, black). Thus, low mobility is related to the structural defects induced by the ion bombardment. However, the annealing process leads to an The IBAD-ZnO:Ga sample 4 in Figure 5 was grown with only 30 nm of an IBAD seed layer. This means that after deposition of 30 nm the ion source was switched off and the ZnO:Ga target operated solely. As can be seen in Figure 5 this sample shows the highest mobility after annealing compared to the residual IBAD-ZnO:Ga films. A mobility of 51 cm 2 /Vs is comparable to mobilities for samples which were grown at higher deposition temperatures and additionaly underwent the high mobility annealing process.
To investigate the additional ion bombardment on the crystal structure of the IBAD-ZnO:Ga films, Figure 6 shows the X-Ray diffraction pattern of the (002) reflection peak of the ZnO-lattice for unannealed IBAD-ZnO:Ga films. The black curve shows the diffraction pattern of an ZnO:Ga thin film, grown at room temperature which serves as the reference signal. Increase in the ion gun power up to a factor of 0.4 leads to a remarkable increase in the intensity of the diffraction peak. Further increase in the ion source power to 1.5 diminishes it to a value which is below the maximum of the reference ZnO:Ga film, sputtered without ion beam. This shows that additional ion bombardment at such high energies leads to damage in the crystal structure. In addition to a change in intensity a shift of the diffraction peak to lower diffraction angles with increasing the power ratio is observed. This shift is caused by stress formation in the films due to ion impact. The sample which was grown by an ion beam power ratio of 1.5 reveals also peak splitting, which indicates phase separation into strained and relaxed ZnO phases.
On the other hand, the sample which was grown with only 30 nm IBAD-seed layer reveals almost no change in the intensity and peak position. The sample, grown at a higher substrate temperature of 250 °C and a power ratio of 0.5 leads to a diffraction intensity which is more than one order of magnitude higher than the intensity of the reference sample. Since ion beam assisted deposition of ZnO:Ga leads to improvement in crystal quality but deterioration in electrical properties due to stress formation [10] , we now study the influence of texture parameters on annealing behavior. Figure 7 (a) shows the mobility in dependence to the XRD (002) diffraction peak position as a measure of film stress for several IBAD grown ZnO:Ga thin films before and after annealing. Sample No. 6 was not analyzed by XRD, hence only five post deposition annealed samples are shown in this graph. Some films which were not annealed but analyzed by XRD are also added to this graph in order to determine the stress effect on IBAD-grown ZnO:Ga films. Before annealing, the reference sample, grown without ion beam assistance, shows the highest mobility of about 17 cm 2 /Vs. The peak shift leads generally to a decrease or rather to saturation in mobility below 16 cm 2 /Vs, except for the high temperature (T S = 250 °C) deposited sample with a mobility of 18 cm 2 /Vs. Stressed with (002) peaks below the reference sample exhibit lower mobility than the reference sample. However, the highly stressed IBAD-ZnO:Ga films do not follow the trend further. This might be related to phase separation into relaxed phase. The high temperature deposition leads to much higher mobility values as compared to the room temperature sputtered IBAD-ZnO:Ga samples. Annealing increases the mobility for all samples and stress does not show a direct correlation.
The sample consisting of 30 nm IBAD seed layer reveals the highest mobility after annealing. Köhl et al. [11] recently have shown that ion bombardment during deposition of ZnO by an auxiliary ion gun only during the initial growth stage leads to an improvement in crystal structure, but do not suffer from increased stress due to peening effect by the additional bombardment. Even though, the seed layer ZnO does not show any difference in XRD or electrical properties before annealing, compared to (b) the reference sample. This might be an explanation for the highest mobility after annealing for IBADZnO film No. 4.
Since the FWHM is typically related to the grain size [18] , Figure 7 (b) shows the Hall mobility vs. FWHM of the (002) diffraction reflection before and after annealing. Please note that the FWHM might be limited by structural defects and microstrain, and does not provide information on lateral grain size which is important for electrical transport. Before annealing a slight decrease in mobility with increasing FWHM is seen which can be explained by the worse crystalline quality. After annealing no clear dependence to the FWHM of the as deposited state is noticed. [19] compensates the increased band gap we show the electronic (E g ) and optical (E g -E BM ) band gaps. An increase in the electronic band gap from 3.36 eV to 3.48 eV for Zn 0.89 Mg 0.11 O:Ga is observed. Annealing leads to a shift of the mobility towards higher values but the slope sustains. Assuming that no change in band gap upon annealing occurs, improvement in electrical properties due to annealing and a wider band gap a towards the UV due to incorporation of Mg into ZnO can be achieved.
In conclusion, nearly all ZnO based films, independent on the doping material and alloying show a significant increase in mobility upon annealing even up to a factor of 4. Opposite to thick ZnO:Al and ZnO:Ga films, decrease in carrier concentration was observed for some Zn 1-x Mg x O:Ga films as well as for some IBAD-ZnO:Ga films. Sample 2 and 3 of the Zn 1-x Mg x O:Ga in series show decrease in carrier concentration. However, there is no correlation to the Mg content as can be read from Table 1 . The same is true for severely stressed IBAD-ZnO:Ga series. Since the additional ion bombardment induces
